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Extended Data Fig. 2 | K. oxytoca MK01 inhibits S. Tm better than two 
reference bacteria. Aerobic co-cultures of S. Tm with Enterobacteria (K. 
oxytoca MK01, K. oxytoca DSM5175T or E. coli Mt1b1) in in germfree cecal 
content with varying ratios and incubation times. Resulting CFUs of (a) S. Tm 
and (b) Enterobacteria in a 1:10 ratio and (c) corresponding competitive index 
(CI). Resulting CFUs of (d) S. Tm and (e) Enterobacteria in a 1:1 ratio and (f) 
corresponding CI. (g) Resulting CFUs of S. Tm and (h) Enterobacteria in a 10:1 
ratio and (I) corresponding CI. ( j-o) Titration of various inoculation densities in 

a 1:1 and 1:10 ratio for S. Tm. vs. K. oxytoca MK01, K. oxytoca DSM5175T and E. coli 
Mt1b1 after 24 h of aerobic cultivation. (j) Resulting CFUs of various inoculation 
densities of S. Tm in a 1:1 and (k) 1:10 starting ratio. (l) Resulting CFUs of various 
inoculation densities of the enterobacterial strains in a 1:1 and (m) 1:10 starting 
ratio. (n) Corresponding CI of both bacteria at various inoculation densities and a 
starting ratio of 1:1 or (o) 1:10. (a-n) The mean ± SEM of one experiment with n = 3 
technical replicates is displayed.
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Extended Data Fig. 3 | See next page for caption.
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Extended Data Fig. 3 | Broad protective capability is shared among many 
K. oxytoca and K. grimontii but not K. michiganensis strains from different 
origins. (a) S. enterica and (b) Enterobacteria (K. oxytoca MK01/DSM5175T, E. coli 
Mt1b1) CFUs after 24 h of co-cultivation. Dashed line indicates level of detection 
(DL). (a-b) The mean ± SEM of two independent biological experiments with 
n = 2 technical replicates are displayed. (c) Resulting S. Tm (dots) and KoSC 
(triangles) CFUs of co-cultures with various strains from the KoSC, including K. 
oxytoca = KO, (d) K. grimontii = KG and (e) K. michiganensis = KM. The different 

colors of each dot represent the origin of the KoSC isolate in each co-culture 
(type strains = red star, mouse gut isolate = yellow dot, healthy children = 
light blue dot, healthy adults = dark blue dot, neonatal isolate from medical 
environment = light grey dot and adult isolate from medical environment = 
white dot). Dots represent the levels of S. Tm in each co-culture, while triangles 
represent the corresponding CFUs of the KoSC strain in each condition. (c-e) The 
mean of 2 (K. grimontii) or 3 (K. oxytoca / K. michiganensis panel) independent 
biological experiments with n = 2 technical replicates are displayed.
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Extended Data Fig. 4 | K. oxytoca toxin production is crucial for protective 
capability against Salmonella ex vivo. (a) CFUs of mono-cultures of various 
protective and non-protective K. oxytoca and (b) K. grimontii strains as well as (c) 
a representative panel of non-protective K. michiganensis strains in TLB medium. 
(a-c) CFUs of one culture are displayed. (d) Resulting area under curve (AUC) for 
TV in sample supernatants of different protective and non-protective isolates of 

K. oxytoca, (e) K. grimontii and (f) non-protective K. michiganensis strains. (d-f) 
Results represent mean ± SEM of n = 4 independent biological cultures. (G-H) S. 
Tm and K. oxytoca CFUs after 24 h of co-cultivation with WT, tKO, sKO and cWT 
MK01 strains in cecal content media and (i-j) TLB (10 g/L). (g-j) The mean ± SEM 
of n = 3 independent biological experiments with n = 2-3 technical replicates are 
displayed.
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Extended Data Fig. 5 | See next page for caption.
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Extended Data Fig. 5 | K. oxytoca toxins alone inhibit S. Tm partially, but 
complete inhibitory phenotype requires toxins and metabolic active 
bacteria. (a) OD600 of S. Tm in LB supplemented with various concentrations of 
TM (0 µM to 320 µM), (b) TV (0 µM to 32 µM) and (c) EtOH as a solvent control 
(0 µM to 320 µM) over 24 h. (a-c) The mean ±SEM of one out of two biological 
experiment with n = 2 technical replicates is displayed. (d) CFUs of various 
Salmonella enterica serovars in LB media supplemented with 320 µM TV or 
EtOH as solvent control. (d) The mean ± SEM of n = 2 independent biological 
experiments with n = 2-3 technical replicates per group are displayed. (E) K. 
oxytoca MK01 WT and sKO CFUs after co-cultivation with S. Tm in the absence or 

presence of 320 µM TM or 32 µM TV. (f) CI of S. Tm after 24 h of co-cultivation with 
K. oxytoca MK01 WT and sKO strains in TLB media supplemented with 320 µM TM 
or 32 µM TV. Solid line indicates starting ratio of bacteria (index = 0.1). (e, f) The 
mean ± SEM of n = 3 independent experiments with n = 2-3 technical replicates 
per group are displayed. (g) Representative scanning electron microscopy 
pictures at 4,000 X magnification of S. Tm in TLB media without and with 320 µM 
TM. Bar represents 2 µm. Average size of cells obtained from 10 microscopic 
images at randomly selected positions of S. Tm in TLB media without and with 
320 µM TM after 4 h of aerobic cultivation. P-value indicated represents two-
tailed Mann-Whitney U-test between groups with ****p < 0.0001.
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Extended Data Fig. 6 | See next page for caption.
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Extended Data Fig. 6 | K.oxytoca toxin production plays a major role in 
disturbed microbiota settings with high amounts of free sugars. (a) CI of S. 
Tm after 24 h of co-cultivation with K. oxytoca MK01 WT, sKO and cWT strains 
in various semi-defined and defined culture media. (b) Corresponding S. Tm 
and (c) K. oxytoca CFUs after co-cultivation in various semi-defined and defined 
culture media. (a-c) The mean ± SEM of n = 3 independent experiments with 
n = 2-technical replicates per group are displayed. (d) S. Tm was co-cultured 
with three different K. oxytoca WT and tKO mutant strains (MK01, LK03 and 
MR06) in TLB with various concentrations of lactose. Resulting S. Tm CFUs are 
displayed. The mean ± SEM of n = 2 independent experiments with n = 2-technical 
replicates per group are displayed. (e) Area under curve (AUC) for TM and TV 
in sample supernatants of different WT and tKO strains of K. oxytoca after 24 h 
of co-cultivation with S. Tm in TLB medium with 10 g/l lactose. The mean ± SEM 

of three independent cultures are displayed. (f) S. Tm CFUs after various time 
points (every 2 h over 24 h) of co-cultures with MK01 WT, sKO and cWT strains 
in TLB and (g) corresponding AUCs for TM and (h) TV (F-H) The mean ± SEM of 
n = 2 independent experiments with n = 2 technical replicates are displayed. (i) 
K. oxytoca CFUs (upper panel) and corresponding CI (lower panel) of co-cultures 
with S. Tm in tryptone broth with various mono-, di- and oligo-saccharides as 
carbon sources (10 g/L). Solid line indicates starting ratio of bacteria (index = 
0.1). The mean ± SEM of n = 2-3 independent experiments performed in n = 3 
technical replicates are displayed. (j) S. Tm and (k) K. oxytoca CFUs after co-
cultivation in sterile filtered cecal content supernatants of GF, OMM12, SPF and 
antibiotic treated SPF mice (abx). Dashed lines display limit of detection. (j-k) 
The mean ± SEM of four independent experiments with n = 2-technical replicates 
per group are displayed.
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Extended Data Fig. 7 | Protective phenotype in OMM12 mice is largely toxin-
independent. Mice were precolonized with WT MK01 or sKO or left untreated 
before infection with S. Tm. S. Tm burden in the lumen and tissue of (a) cecum, 
(b) colon, (c) small intestine and (d) various secondary organs including spleen, 
liver and MLN of infected OMM12 mice at day 6 p.i. (e) Colon length at day 6 p.i. 
in K. oxytoca colonized mice and control mice. (A-E) The mean ± SEM of n = 3 
independent experiments with n = 12 (PBS/sKO) and n = 13 (WT) mice per group. 
P values indicated represent Ordinary One-Way ANOVA with Dunn’s multiple 
comparisons test with *p < 0.05, **p < 0.01, ***p < 0.001 and ****p < 0.0001. (f) 
β-diversity of OMM12 mice using non-metric multidimensional scaling (NMDS). 

Different groups and sampling time points are indicated. Individual effect size of 
tested covariates is indicated. To calculate the variance explained by individual 
factors such as group and time point, a permutational multivariate analysis of 
variance (ADONIS) was used. A significant effect was dedicated when p < 0.05 and 
R2 > 0.10 (equivalent to 10 % of explained variance) was observed. (g) Microbiome 
composition (relative abundance) of each single mouse in different groups (PBS, 
WT and sKO-colonized) at various time points of the experiment are displayed on 
species level. (f-g) Data derived from n = 3 independent experiments with n = 14 
(PBS), n = 12 sKO, n = 16 (WT) mice.
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Extended Data Fig. 8 | TM has broad spectrum activity against gut members 
of the OMM12 microbiome in vitro. (a-i) Growth curves of various gut bacteria of 
the OMM12 community in presence of various TM concentrations ranging from 
0 µM to 320 µM. Results represent the mean ± SEM of two (40 mM – 320 mM) 
or n = 3-4 (0 mM) independent measurements performed in n = 2 technical 

replicates replicates. (j) Corresponding CFUs of the same bacteria cultivated 
for 24 h under anaerobic conditions in BHI medium supplemented with TM 
concentrations ranging from 0 µM to 320 µM. Bacteria are sorted based on 
their phylum. Results represent the mean ± SEM of n = 2 biological experiments 
performed in n = 2 technical replicates.
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Extended Data Fig. 9 | See next page for caption.
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Extended Data Fig. 9 | K. oxytoca and Salmonella have distinct but partially 
overlapping carbohydrate preferences and likely compete for various 
substrates. (a-c) Heatmaps displaying growth displayed as area under curve in 
selected carbon sources for S. Tm in comparison with K. oxytoca MK01 WT and 
the sKO mutant after 24 h aerobic incubation using the Biolog microarrays PM1 
and PM2a. Sugars are grouped based on their chemical structure with simple 
sugars and sugar alcohols displayed in (a), sugar acids, amines and ketones 
displayed in (b) and amino acids and nucleosides displayed in (c). Color scale bar 
shows AUC over the period of 24 h aerobic incubation. (a-c) Results represent 

mean (average growth) values of n = 3 independent measurements. (d-g) Growth 
curves of S. Tm and MK01 WT and sKO in selected carbon sources including (d) 
dulcitol, (e) raffinose, (f) sucrose and (g) tagatose. Results represent mean ± SEM 
growth values of n = 3 independent measurements with n = 2 technical replicates. 
(h) S. Tm CFUs and (i) K. oxytoca / E. coli CFUs in MM9 medium supplemented 
with 5 g/l or 10 g/l dulcitol after 24 h of co-cultivation in a 1:1 ratio. Results 
represent mean ± SEM of n = 2 independent experiments performed in n = 2 
technical replicates.
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Extended Data Fig. 10 | Metabolic competition for dulcitol is a key factor 
for protection against S. Tm. OMM12 mice were colonized with 5 × 108 CFUs of 
K. oxytoca MK01 sKO, sKOΔgatABC or left untreated four days before infection. 
At day 0 mice were orally infected with 5×105 CFUs of S. Tm and BWL and fecal 
colonization were monitored until day 6 p.i. Organs were sampled at day 6 p.i. (a) 
Resulting CFUs in the lumen and tissue of cecum and (b) colon. (c) Colon length 

at day 6 p.i. and (d) resulting CFUs in the lumen and tissue of the small intestine 
and (e) extra-intestinal organs including spleen, liver and MLN. (a-e) The mean 
and SEM of two independent experiments with n = 7 (PBS) or n = 8 (sKo/WT) mice 
per group are displayed. P values indicated represent Ordinary One-Way ANOVA 
with Dunn’s multiple comparisons test with *p < 0.05, **p < 0.01, ***p < 0.001 and 
****p < 0.0001.
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